Abstract. Hemodynamics have long been implicated in atherogenesis. The studies reported here seek to explain the mechanisms for the formation of atherosclerotic plaque in an aortic bifurcation. Flow studies were made in a model constructed from plexiglass to represent an aortic bifurcation. Under steady flow conditions at inflow Reynolds numbers of 80-1250, the streamline flow patterns and the boundary layer separation zones were investigated in relation to the location of atherosclerotic plaques clinically found at regions in the human aortic bifurcation. The streamline flows were visualized by a slow injection of dye over the cross section of the tube entrance and along the tube walls. The studies revealed a complex flow field where secondary flows, induced by the centrifugal and viscous forces, cause the fluid to move towards the inner walls of the aortic bifurcation. The effect was more clearly seen with increasing Reynolds number. Boundary layer separation zones were observed to occur at the outer corners of the branching. The nature of the separation zone formed was found to be dependent on Reynolds number. The residence time of fluid particles within such a separation zone was estimated by measuring the washout time of a bolus of dye injected at strategic locations along the tube walls. The residence time was found to decrease exponentially with increasing Reynolds number. These observations provide strong support for the role of flow separation in the accumulation of LDL and platelet aggregation within the aortic bifurcation.
Introduction
Atherosclerosis develops at the outer corners of bifurcations. Model studies and animal studies suggest that hemodynamic factors are involved [3, 10, 20] . Many theories for the origin and the development of atherosclerosis have been postulated and among the more prominent hypotheses are those related to wall shear stress. Early studies of Fry [14] suggested that areas of artificially-induced shear stress were favorable for atherosclerotic processes. Also other authors pointed to the fact that transport of blood constituents e.g. proteins, and platelets, into the arterial walls increase with increasing shear stress [7, 21, 29] . Later, several authors have pointed out that the high shear stress achieved by Fry's experiments are not likely to occur in vivo in man [6, 39] . Caro et al. [6] hypothesized that atherogenic substances accumulate in areas with low shear stress because the efflux of substances is inhibited at those sites. They assumed that mass transport from the blood to the arterial vessel occurred by means of mass diffusion which increased at low local shear stress. Fox and Hugh [12] postulated that regions of flow separation at arterial branch and along curved segments caused zones of stasis to form. The blood stream stagnates locally and allows platelets and fibrin to form a mesh at the wall in which lipid particles become trapped and eventually coalesce to form atheromatous plaques.
A new trend in cardiovascular research centres around what is called vascular gene expression. The results of recent experiments [17, 33, 37, 44, 45] , confirm that endothelial cells can sense and respond distinctly to different shear stresses at the level of gene expression.
A bifurcation can be considered as two superimposed curved tubes bending in opposite directions. In a curved tube, the secondary flow tends to push the flow in the curving plane towards the outer wall, resulting in a relatively high shear rate on the outer wall [19, 36] , and the opposite is expected to be true in a bifurcation. The secondary flow induces a higher shear rate along the inner wall of a bifurcation. The outer wall of the curved tube can be considered as the inner wall of a bifurcation (Figure 1 ).
Flows at both aortic and carotid bifurcations have previously been investigated by several authors [3, 10, 22, 25, 31, 35] . These studies have demonstrated several important features of the flow such as strong secondary flow in the branches, separation zones in the branches with lower mean velocity, both in steady and pulsatile flows and higher shear stress at the apex in comparison to the outer corners of the branches. Among Y-shaped bifurcations in the human arterial system, only the
